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An additional cent of gasoline tax, costing the average motorist 13 cents a week, 
will provide many miles of better highways 
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The Gasoline Tax in Relation to 
Automobile Operation and Highway Costs 


BY THE 


Reported by E. M. COPE, Chief, Highway Statistics Section 


and L. L. LISTON, Transportation Economist 


YASOLINE TAXES constitute a very 

¥ small part of the total cost of owning 
and operating an automobile, and revenues 
from gasoline taxes are falling far short of 
needed highway construction and mainte- 
nance expenditures. While other prices and 
sts have nearly doubled in the past 10 
vears, the tax on gasoline has increased only 
12.7 percent. It is the purpose of this study 
to compare trends in gasoline taxes, costs of 
jperating an automobile, and costs of con- 
structing and maintaining highways. 

A previous article in PUBLIC RoAps' re- 
ported a study of gasoline price and tax 
nereases during a 30-month period ending 

ine 30, 1948. Although there were sub- 
stantial gasoline price increases in all States 
and gwasoline tax increases in 12 States dur- 
ng that had no 
measurable effect on consumption of gaso- 
the 1949 study, however, no ef- 
rt was made to establish the relation be- 


period, these increases 


’ 


ne. In 


tween gasoline costs, total vehicle operating 
sts, and the portion of the vehicle opera- 
r’s dollar that goes for road-user taxes. 


Such comparisons are made here. 


Gasoline Prices and Taxes 


Gasoline prices have continued to increase 
since 1948, and there have been increases 
States. The in- 

eases in gasoline prices (excluding taxes) 
and in State gasoline taxes during the 54- 
1946 to June 
This figure is 
in the 1949 study, 
ich covered the 30 months from January 
1948. The findings for the 
ver period are in such complete agree- 


gasoline taxes in some 


month period from January 


50 are shown in figure 1. 
extension of figure 2 
6 to June 
nt with those of the original study that 

teration of the conclusions in detail would 
needless repetition. 

‘he earlier study established that no gaso- 
tax increase has had a measurable ef- 


on the consumption of gasoline, and 
within reasonable contemplation ap- 
s likely to do so. Theoretically, any 


in the cost of operating automobiles 
ild have some restraining effect on the 


int of vehicle use. The reason that 
e effeet of tax inereases on gasoline consump- 
by E. M. Cope and L. L. Liston. PUBLIC Roaps, 
2, No. 7, March 1949, p. 138. 
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Unit costs of highway 


construction 


RESEARCH REPORTS BRANCH 
BUREAU OF PUBLIC: ROADS 


and maintenance have almost doubled 


in the last 10 years. considerably exceeding the 77-percent increase in the basic 


cost of living. 


period the net effect felt by 


The price of gasoline. excluding tax. rose 62 percent in the same 
10 years, but since the tax on gasoline rose less than 


13 percent during this 


the motorist in his purchases of gasoline was an 


increase of only 47 percent in the total of price plus tax. 


There has been a substantial increase in revenue for highways over the 


10-year period, resulting from the tremendous growth in the number of motor 


vehicles. 


costs and the contrastingly small one 


no more highway work than did the 1940 revenue. 


for the constantly 


traffic problems. 


multiplying 


This has been nullified. kowever, 


im tax 


number 


by the extreme increase in highway 
rates. Current revenue will buy 
Yet the need is far greater. 


of vehicles continually intensifies our 


The public apparently does not have a clear picture of the relation of taxes 


to the total cost of owning and operating an automobile. 


in analysis for « 


typical passenger car indicates that the taxes represent only I1 percent of the 


total ownership and operation 
involved. 


operate an automobile, all 


taxes 


costs—less 


combined 


than any other major item of cost 


Put in practical terms. of the 6.6 cents per mile it costs to own and 


represent seven-tenths of a 


cent, 


The gasoline tax accounts for only 61% percent of the total cost of owning 


and operating a car. or four-tenths of a cent per mile. and the tax rate 
lower in proportion to individual income now than it was in 1940. 
of the gasoline tax rate costs the average motorist seven-hundredths 


per mile, or about 13 cents a week—just about 1 percent of the total 


and operation cost. 


no effect has been noted is rather obvious 
the gasoline tax constitutes only about 6.5 
percent of the total cost of operating an 
automobile (as will be shown later), and has 
actually been declining in terms of 
lation to the total cost. 

There were net tax increases, 


its re- 


during the 
»4-month period, of from 1/2 cent to 2 


ents 
per gallon in 23 States, and a net tax de- 
crease of 1 cent per gallon in one State 


There were net price increases, excluding 


taxes, in all States during the same period 
In Utah the price increase was only 12 cent 


per gallon, and in California the net price 
increase was only 2 cents per gallon. In 
other States, however, the net price 

creases were much higher—ranging from 


3.4 cents 


per gallon in Arizona to 
8.5 cents per gallon in Wyoming \ vail- 
able information indicates that the Utah 
and California increases were relativel) 


small because of intense competitive condi 
tions in those areas. 
Relative Cost of Gasoline 
It has never been possible to measu 
the effect of 


extent of operating costs 


is actually 
Each 


of a cent 


cent 


ownership 


vehicle ownership and_ use. 


Much of 
publicity on the point 


the 
has 

ntered around the cost of gasoline, prob- 
ably 


discussion 


and 


an item with which 


the public comes in daily contact. 


because this is 
Gaso- 
line taxes have assumed a disproportionate 
importance to the public because consider- 
able publicity has been given to gasoline 
prices and taxes when matters pertaining 
to them have been under study State 
and to the that 
“oasoline is cheap--only the tax is high.” 

The emphasis on gasoline taxes has tended 
to obscure the fact that many items of the 
cost of operating a motor 


by 


legislatures, allegation 


consid- 
sly exceed gasoline tax payments. It is 
ally recognized that both gasoline 
prices and gasoline tax rates have risen more 


vehicle 
eral 


not gener 


slowly than general price levels. The aver- 


age retail price of gasoline in 1940, includ- 
ing taxes, was 18.4 cents per gallon. Dur- 
ing the 10 years to 1950 the retail price 


alone, excluding taxes, increased 62 percent. 
It is worth noting that this increase, though 
substantial, was considerably less than the 
the living 
Bureau of Labor Statistics 


increase in 
the 


77-percent 
reflected in 


cost of 
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STATE 


‘ALABAMA 
ARIZONA 
“RKANSAS 
CALIFORNIA 
COLORADO 
CONNECTICUT 
DELAWARE 
FLORIDA 
GEORGIA 
IDAHO 

ILLINOIS 
INDIANA 

IOWA 

KANSAS 
KENTUCKY. 
LOUISIANA 
MAINE 
MARYLAND 
MASSACHUSETTS 
MICHIGAN 
MINNESOTA 
MISSISSIPPI 
MISSOURI 
MONTANA 

NF BRASKA 
NEVADA 

NLW HAMPSHIRE 
NEW JERSEY 
NEW MEXICO 
NEW YORK 
NORTH CAROLINA 
NORTH DAKOTA 
OHIO 
OKLAHOMA 
OREGON 
PENNSYLVANIA 
RHODE ISLAND 
SOUTH CAROLINA 
SOUTH DAKOTA 
rFNNESSEE 
TFXAS 

UTAH 
VERMONT 
VIRGINIA 
WASHINGTON 
WEST VIRGINIA 
WISCONSIN 
WYOMING 


ESQ) INCREASE IN STATE TAX RAT! 


DISTRICT OF COLUMBIA 
Figure I1- 
index. In the same 10-year period the 


weighted average of State and Federal gas 
oline taxes 12.7 percent. 
due to the stability of 

taxes, the total cost of gasoline to the con 
7.3 
risen considerably 


rose only 
relative gasoline 
sumer increased only percent. 


wages have more than 
the cost of gasoline, the consumer is actually 
in a better position now than in 1940 with 

The 


in the cost of gasoline, 


respect to his purchases of gasoline. 
percentage increase 
even though it was approximately five times 


vreat as that for gasoline taxes, was 


as 
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Thus, 


Since 


Gasoline price and tax increases. January 1. 





CENTS PER GALLON 





still 20 percent less than the percentage in- 
crease in the cost of living reported by the 
Bureau of Labor Statistics. A comparison 
of gasoline taxes and prices in 1940 and 
in 1950 is given in table 1. 
Highway Costs 

The economic factors that brought about 

increased costs of gasoline also caused in- 


creased costs of raw materials, wages, trans- 
portation, and other components of the total 
price of motor vehicles, gasoline, and as- 


sociated products. Likewise, they brought 


GMM INCREASE IN PRICE EXCL 


1946- 





DING ST TAX 


ATE 


June 30. 1950 

about sharp increases in the costs of ¢ 
structing highways—a rise of 97 percent 
the 10-year period from 1940 to 1950. 17 
increases in the costs of construction 


reflected in table 2. 

ig the same period highway m: 

This fig 

is a composite of the relative increases f 
1940 to 1950 in the unit 
of maintenance, 

Labor, 114.27 percent; mate! 


‘nance costs rose 87 percent. 
costs of the } 


cipal items which 
as follows: 
26.72 percent; equipment, 72.73 percent; 
overhead, 67.10 percent. 
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Table 


1.—Gasoline price 


and tax changes. 1940-50 











Price, Tota telatior 
excluding Ta - tax to 
pri 
tax : total p 
Cents Cents ( 

940 12.9 5.5 18.4 29 9 
950 20.9 6.2 2t.1 22.9 
Percentage change + 62.0 +12.7 7 ) 
Prices in effect in the capital cities of the States except for Maryland and Oregon, where the prices a 4 


Portland, respectively. 


Table 2.—Changes in unit costs of highway construciion. 


1940-50 





Item 


Common excavation: bid price, cu. yd 
Concrete pavement: bid price, sq. yd 
Structures: 
Reinforcing steel: bid price, lb 
Structural steel: bid price, lb 
Concrete: bid price, cu. yd 
Composite index 


1940 1950 





Figure 2 shows the relative increases in 
the cost of living, the price of a new automo- 
bile, the price of gasoline (excluding tax), 
the gasoline tax rate, and the unit costs of 
highway construction and maintenance. It 
vill be noted that the price of gasoline did 
not increase as much as either the cost of 
living or the price of a new automobile. 
But even the petroleum industry, generally 
considered to be one of the most efficient in 


ur economy, found it necessary to increase 


the price of gasoline five times as much 


(on a percentage basis) as gasoline taxes 
were increased. 


Automobile Operating Costs 


State gasoline taxes, which are the prin- 
cipal source of revenue for highways, cost 
the average automobile user about 65 cents 
a week. This fact is of limited significance 
until it is related to total costs of vehicle 
In order to establish the relation, 
an estimate of the cost of owning and op- 


operation. 


erating an automobile is presented in table 


It is not actual records for 
iny particular vehicle or group of vehicles, 


the figures are believed to be typical, 


based on 


mid-1950 prices, for average operation of 
the type of automobile considered. 
The estimate is based on a low-priced 
50-model four-door sedan built by a lead- 
manufacturer, and covers an assumed 
-year life for the vehicle. The automobile 
assumed to be registered in Baltimore, 
and subject to normal taxes in that 
a. Although the mileages, operating costs, 
{ other factors in the estimate are be- 
ved to be reasonable, they are not pur- 
ted to be averages or for an 
Data for 
lable in 


average 


icle, such purposes are not 
The es- 


stated 


sufficient 
tial factors of the 


the notes below table 3. 


coverage. 
estimate are 
n estimating expenditures for repairs 
maintenance, the Service Job Analysis 
mate compiled by Motor Service Maga- 


was used. This analysis lists the num- 


BLIC ROADS e Vol. 26, No. 8 


ber of jobs of different kinds done by ca) 
dealers and independent 
several years. A 
comprising 
total listed, 
of the maintenance and 


repair shops fon 
sample 


than 


group of jobs, 


more two-thirds of the 


was chosen as representative 


repair work which 
would be done on a typical automobile dur 
ing the 10-year period. 


These items range 


from major repairs such as a completé 


engine overhaul to minor maintenance 
like and lubrication. The fr 
quency of the jobs listed in the Service Joh 


items 
washing 
Analysis and the experience of men familiar 


with automotive maintenance and service 


were used as guides to the number of times 


each job would be required during the life 


of the 
then obtained from the most recent flat-rate 


ear. Costs, including parts, wer 


manuals, and the prices of parts as listed 


in the manual were checked locally to de- 
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Figure 2.—Relative increases 















COST OF LIVING 


AUTOMOBILES 


oe he ee feet) Ses! oe: 


UNIT COST OF MAINTENANCE 


UNIT COST OF CONSTRUCTION 


in unit costs of selected items, 





termine any necessary adjustments for the 
Baltimore 
The 


placement 


area. 


expenditures for major items—re- 
tires, motor overhaul, painting, 
for example—are distributed over a period 
than being charged en- 


tirely to the year of actual expenditure, 


of years, rather 
because the benefit of each expenditure ex- 
tends beyond the year in which it was made. 
The cost of the motor overhaul, for instance, 
occurs in the seventh year but is distributed 
over the seventh through the tenth years. 

No costs for car financing, for fines and 
forfeitures, or for automobile club member- 
ship are included, nor is any interest on the 
investment included. Although these items 
may add substantially to the cost of owning 
and operating an automobile in some in- 
stances, the wide variance in their applica- 
tion among motorists makes it impractical 
to include them in this study. 


Relation of Cost Elements 


It is somewhat surprising to note that 

the several factors entering into the cost 

of operating the vehicle tend to keep the 
mile within the rather 

range of 7.35 cents in the first year to 5.24 

cents* in the tenth year. 

and 


cost per narrow 
The high depreci- 


ation insurance costs of the first few 
years are offset to a considerable degree by 
greater mileage and low maintenance costs, 
and by absence of tire replacement expendi- 
Although the estimate is based on 
that the 


scrapped after 10 years of use, the proba- 


tures. 


the assumption vehicle will be 


bility is, in a period in which there is a 
relative shortage of vehicles, that it would 
pass into the hands of a marginal user and 
likely, how- 


continue in service. It is not 


ever, that the over-all cost per mile would 


These costs are all based on mid-1950 price levels. 
Practically all items of cost, with the exception of 


taxes. have increased since that time 

















4o 60 80 100 


PERCENT 


1940-50. 


oi 
r-) 











SUL 





Xo 


puel Al 





dinjIpusdxe 8Yyy Yorum 





Wo} 





iN 


-at ‘UOT[e@Zs Jed sjuso « 
- ALB 


pepnyout 





¢ jo sosuByo 











AJIAIJUD PaBsByo 


uByy 49\0 pBaids 








U ULBJLAID JO 8}]sO00 




















tpt 






IUT[OSBS | 


SAXB] 


pue 








,1IUMO 





































| 
| 





ch oly 


cg" Eg 


00°21 
OF E 
09° 

00'S 


co" IP 
00°¢S 


00° OI 


¢9°9Z 


sL' ogg 


00° 06 
OU ¢ 
OF II 
Le Pol 
es‘ bl 
00° 02 
80° OL 








(s9/'G 000'S) 
44 














































{[[BNOB sBM 








WE QUouOY -a1dwod pue ‘asewep Az10d0 





Is 









UL ‘“IBOA ul sjuBnb Zov 3 


AJOATJVedS 





It 









SIxD ] MOU Q j 








AY ayy 10j eouBun UOIST[[OI 2(quoNnpep 


J ay} 10J pounsse 19 “Wye4u Pp 





94} JO 


4 pajsntpe junowe 





Jas SBM uOolydunsuoD 
peuNnsse SBM IBD 39Y} jo 


ssByoind 





pur ‘pepnypoul 


SutsBi9aAw YOM ApOg pues Japudy "saredaa 1 








SABOA « 
eg fsaBadk (| 








a1 AAISUO 





IQUBRINS 





yes ‘AUpIqQeiIyT qr 
; I 


1ZIPUOD PUB aAB a4} 


,IUDANE 











YUM “polled ABIA-()T 


a 





O puDd au 














ayy ayy Sur saqn} 
p BIL12 PUAULIIDIU IY 

SBM JBOA Jod gs inoqe 

ui pur 





































UuiSvav) ayBIPIUIazUL AIY4ZO ‘901IM} ~JUaWaDe[daa Burysng 
82¢°9 vol°9 99° 1b9 ¢ 899  bc6°9 tb c69 | 6¢l°9 
¢19'0 61° #9 ¢s9 Lg°89 z89°0 
pS” Po LI 32 0% €1z 
1L0 a LL0 CEL Lb'6 401 
COO L00 ol’ L00 cl 900 
oO! 0¢ 6 00! 0¢ 6 001 00° OT OO! 
L6t OF C9 9F ESF CE SP 69F 
£co 00'S 00°¢ oso" 00°¢ Cro 
00°OI 000! 0Ol 00°0I 160 
0 cole cole £ee°0 cE gee 0 
¢ 62°98¢ | 6L0°9 Lv lls #¢' 009 | 6€2°9 9S LL0 
L¥6 00°06 006 00° 06 SIs 
1Z9 00° 6¢ I OO'ITT Ol'l OO'ITT | SgO'l 
el P| 80°91 etl cZ FI pol 
Lo¢g'l Lo¢e'l 40° FI 2° O81 | LOE"! L°08t §=Loel 
c¢cl c¢l €8' FI 61 PS FI rel 
12 £92 00° SZ 092 00°92 
929°] 9Z8 I 6F EL Of Il OBIT POSIT | 162 
06L°0 O62 00°SL I 00°00! = Osz'l 0O'SZI | SIS 'T 
3]Ua,) 3402/0 $7Ua,.) 8407/0] 8407/0 87U2,) 8407/07] 87]Ua,) 
y(t sod } atm sed 1800 w Jad 4s00 wi Jad 
}s0,) [8}0] 130.) [BIOL ys0.) [230] ys0) 
(sayim (oes) (se|'ar OOS'6) (say 000'0T) (s 
ivad YUaAI 9A YRXIC dead YWINO YF JBIA pslqy] 













































1 YOO" 





pue uidsury ‘qot yuredes 





‘20U0 [NBYAGAO 4OZOW ajpajdWo0D 


SM9ATUN “QVUO [NBYIIAO 








UBDB[ dat YON[O ‘eoiMy 





SUID} [B 


uOoIqIUusl Sat 












i api 





















cL 0 
+6 c9G 6L°1E £12 
Il oT OL 61 8gl 
C00 £9 ¢00 
tl OO 00°ZI oor 
I¢ 8CF GOL 
¢c a al) 00°S OFO 
St 
ol £80 00°0! 1x0 








399 6gI¢'9 ¢¢ 182 9 
06 O¢l 00°06 OZL 
QIl | 196 OO'9IT | 826 
Ol cEl LI'9l gel 
eel | L0e'! OS'9Sl § LoEe'l 
mal | tI 9£0 
48 I8t wl L¢ OLE 


00%  0G2°% 00° OfE | O88°Z 


840700 83a) «= B4DII0(] | 8a) 









S00 wi Jad 3800 wi Jed 
[80], 1390) 230 | 380.) 
II) (s9|!l 000'T1) (sajm 00¢'Z1) 


iva PUudIeN Iva Sul { 
















IIppy 239 ‘szeq 



















94} Jo on[eBa 





Ig suljsoo 


















gee°O 00° OF fee°0 





ye *8]/0} ‘Burysed 






seq), pue Bail} PUGUTIOOF | H 
1g}UIBW pub steday 











aj1go wmojnd uD #uijvsado 


pup suiumno {0 jso09 pomwuiusy 


—S SL 





JeIOIGNS 
IQOUIOYNY 
lo 
Oser) 
[R4apo 4 
fe303q1 a 
Kqaade 
aura] 









uonjel4s BOY 











Beier) 


aJuBINsu 








uone vasdag l 


Sexe) Sutpt Xe 9}]80 ) 


June 1951 e PUBLIC ROA 


160 

















be .ppreciably reduced, provided the ve- 
hic was maintained at a level to assure 
minimum safety and comfort. 

Of the 7.35 cents-per-mile total operating 
costs in the first year of the estimate, the 
ce of gasoline, including all taxes, was 
mile. Gasoline taxes 
amounted to only 0.433 cent per mile, or 
).067 cent per mile for each cent of the tax 


cents per 


rate. Thus each increment of 1 cent of 
tax adds less than 1 percent to the total 
cost of operating the vehicle. Under these 


circumstances it can be understood why no 
tax increase made a measurable 
difference in the highway use of gasoline. 


has ever 


There is good reason to believe that the 
motorist not understand the 
true relation between his vehicle ownership 
and operation costs and the tax monies ex- 
pended for the highways he uses. It would 
probably come as a surprise to him to learn 
that the total amount he pays in highway- 
taxes, toward the 
of the which his 
automobile is operated, is substantially ex- 


average does 


user construction and 


maintenance roads over 
ceeded by all of the other major items of 
This fact is 
sented graphically in figure 3. 


vehicle operation cost. pre- 

Because of the widely quoted statements 
made in organized opposition to proposed 
increases in gasoline taxes in several States, 
most automobile owners might be reluctant 
to believe that each cent of the gasoline tax 
accounts for only 1 percent of total vehicle 
The 


is also probably not 


operating costs. average motorist 
aware that highway 
improvements made possible by each addi- 
tional cent of gasoline tax not only add to 


the safety and convenience of motor-vehicle 


travel, but also reduce operating costs 
through improved surfaces, grades, and 
alinement, reduced mileage, and lessened 


trate congestion. 


Highway Revenues and Needs 


Although road-user tax rates have risen 
ss than any other automotive operating 


st during the past 10 years, the revenues 
‘rom them have increased substantially as a 
sult of the large increase in the number 
‘vehicles. The increases in highway con- 
truction and maintenance costs, however, 
ive so reduced the value of the highway 
ilar that tetal revenues today will pro- 
le only about the same number of units 
construction and maintenance that were 
rchased with 1940 revenues. While this 
luction in the purchasing power of rev- 
ies is undoubted!» the most serious single 
blem now facing highway authorities, 
re are two others of almost equal im- 
‘tance—the of traffic 


which highway capacity must be pro- 


mounting volume 


led, and the higher standards to which 


lay’s highways must be constructed to 
w safe travel for present speeds and 
is. If had 1940 


ls, current revenues would be adequate 


prices remained at 


maintain our then-existing system of 
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Figure 3.—Distribution of automobile ownership and operation costs. 


roads and streets, and to improve and ex 
pand the system as needed for the greatly 
But 
present revenues able to purchase only the 
amount of and 
that 1940 
highway authorities are finding it impossible 


increased number of vehicles. with 


cecnstruction maintenance 


was purchased with revenues, 


to provide adequate highway capacity for 


a 5l-percent greater number of vehicles 


and a 60-percent increase in traffic volume. 


Effect on the Individual 


Discussions of road-user taxes are fre- 


quently of a technical readily 


nature not 


understood by the automobile owner. He 
is exposed to diametrically opposite views 
and irreconcilable statements. The allega- 


tion is made that 
the 
line 


“oasoline 
Yet the 
tax) now 


is cheap—only 


tax is high.” price of 


2aso- 
(excluding represents 19.8 
percent of total automobile operating costs, 
while the gasoline tax is only 6.5 percent, 
and the tax portion of the total 


gasoline 


price of 


has decreased approximately 7 


percent during the past decade. The motor- 
ist appears to be willing to pay tolls that 
cost the equivalent of an additional] 15-cent 
the 


access toll highways, but seems not t 


tax per gallon for use of controlled- 


» under- 


stand the relatively low cost, per vehicle- 
When 


automotive taxes and highway programs are 


mile, of adequate free highways. 
discussed, he unfortunately sees figures only 
in large multiples of any amounts familiar 
to him. Being impressed by their magni- 
tude, he does not realize that the portion of 
these amounts that he pays as an individual 
is actually very small. 

In most States there are certain minimum 
amounts that must be spent for highway 
and mainte- 


administration, equipment, 


nance. After these requirements have been 
met, any funds remaining are available for 
construction. Small increments in tax allo- 


cations under these circumstances can 


increases in 
If the 


rates of less 


amount to relatively large 


funds available for construction. 
19 States having gasoline tax 
than 5 cents per gallon were to increase 
their rates 1 cent, the State funds available 


for 


creased, on the average, by more than 40 


highway construction would be in- 


percent. In over two-thirds of these States 


the construction funds would be increased 
an average of more than 50. percent. 
Yet this increase would cost the motorist 


(at 15 miles per gallon), only 0.067 cent 


per mile, or about 13 cents a week. 
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Volume Changes in Sand-Gravel Concrete 


BY THE PHYSICAL RESEARCH 


BUREAU OF PUBLIC ROADS 


fbnormal expansion, as evidenced in map- 


cracking. has been observed in concrete 


pavements built with sand-gravel aggregate 
Tests with this 
and two other aggregates of widely different 


in some midwestern States. 


mineral composition, combined with differ- 
ent types of cement and subjected to various 
weathering conditions, produced effects in 
the laboratory which correlated with those 
observed in the field. 

Expansion of concrete specimens made 
with sand-gravel was much greater than that 
of similar specimens containing the other 
aggregates, and appeared to be due to some 
characteristic related to the mineral compo- 
sition of the sand-gravel. The magnitude of 
the expansion was markedly influenced by 
the properties of the cements used. 

The addition of crushed limestone to the 
sand-gravel. producing a normally graded 
coarse aggregate which contained about 50 
per cent calcareous material. eliminated the 


abnormal expansion entirely. 


Introduction 
BNORMAL EXPANSION of 


l . 
a crete pavement with resultant so-called 


con- 
“map-cracking” of the surface, which has 
been widely observed in certain midwestern 
and Nebraska, 
prompted the Bureau of Public Roads about 
10 years ago to initiate 
determine whether effects 
the laboratory 
combinations of 


states, particularly Kansas 
a series of tests to 
these could be 


reproduced in and, if so, 


just what materials pro- 
duced them and what steps might be taken 
to eliminate the trouble. The 


volved the measurement of changes in length 


tests in- 


of concrete specimens containing aggregates 
from three sources: The Platte River in Ne- 
braska, Chicago, Ill., and Long Island, N. Y. 

The Platte Rive) 
sentative of a 


aggregate was 


materials 


repre- 
class of locally 


known as “sand-gravel,” which contains 
only a small percentage of particles larger 
Most of the concrete 


pavements in these areas which have shown 


than “sy inch in size. 
distress were constructed with this type of 
aggregate. The from 
Island and the 
as representative of 


aggregates Long 


Chicago area were selected 


two sources differing 


widely in mineralogical composition but pos- 


sessing excellent service records in concrete. 
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Reported by F. H. JACKSON, Principal Engineer of Tests 


Each of the three aggregates, in three 
different gradations, was used in combina- 
tion with each of four cements. All of the 
latter met the usual American Society for 
Testing Materials requirements for type I 
cement, and two of them in addition met 
both the A.S.T.M. requirements for type I] 
cement and the requirements of the Board 
of Water Supply of New York City. 

The 


these 


specimens made from 
and cements 
jected successively to various types of lab- 


involved 


concrete 
aggregates were sub- 
weathering cycles which 
alternate wetting and drying together with 
alternate heating and cooling, but without 
freezing and thawing. In general the pro- 
followed the pattern set by W. E. 
Gibson, of the Kansas State Highway Labo- 
ratory, who began studying this problem as 
The results of Gibson’s find- 


oratory 


gram 


early as 1932. 
ings were reported before the Highway Re- 
1938.' 

A progress report giving the results of 
the studies made by the Bureau over a 2- 
year period was presented before the High- 
Research Board in 1942.° This 
followed in 1949 by a final report which re- 
the earlier work and 
sults of further measurements up to a total! 
of 9 years of exposure.* 


search Board in 


way was 


viewed gave the re- 


In the report presented here the data and 
discussions of the latter 
been combined into a single report which is 


two papers have 
intended to serve as a complete and final 
report of this investigation as it was origi- 
nally planned. 


Summary of Observations 


The principal indications of these tests 


were as follows: 

1. A laboratory weathering cycle which 
involved immersion in for 
24 hours followed by drying in air at 130°F. 


water at 70°F. 


for 24 hours produced length changes and 
effects (such 
concrete test specimens that correlated with 


visual as map-cracking) in 


the behavior of similar concrete in the field. 


2. Concrete specimens containing only 


the Platte River sand-gravel aggregate 

1 study of map cracking in sand-gravel pavements 
by W. E. Gibson Proceedings of the Highway Re- 
earch Board, Vol. 18, Part I, 1938, p. 227. 

Volume changes in sand-gravel concrete, by |} H 
Jackson and W. Kellermann. Proceedings of the 
Highway Research Board, Vol. 22, 1942, p. 252 

Volume changes in sand-gravel concrete, by } H 


Tackson and A. G High- 


Timm Proceedings of the 
way Research Board y 


Vol. 29, 1949, p. 212 


and A. G. TIMMS, Senior Materials Engineer 


developed, in general, much larger expa 
sions than similar concrete containing the 
many 


other two aggregates. In cases tl 

appearance of map-cracks on the surfa 

of the specimens provided visual evidence 
of abnormal expansion. 

3. The abnormal expansion that devel- 
oped when the Platte River sand-gravel was 
used as total aggregate appeared to be due 
to some characteristic related to its mineral 
composition rather than to its grading o1 
to the high cement content normally used 
with this type of material. 

1. In the concrete specimens containing 
the Platte River sand-gravel as total aggre- 
gate, the magnitude of the expansions was 
influenced to a marked degree by certain 
the fou. 
However, there was no re- 
this 
amount of expansion and any of the phys- 


differences in properties of the 


cements used. 


lation observed in study between the 


ical or chemical properties of the cements. 


»). Adding crushed limestone with a max- 


imum size of 11% inches to the Platte Rive: 
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Figure 1.—Typical map-cracking of sa 


gravel concrete pavement. 
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Table 1.—Chemical and physical properties of portland cements 





Portland cement 








1 2 3 i 
hemical analyses (percent 
Silica (SiO 21.95 Ze.tl zed. IE 
\lumina (Al.O 5.57 ‘72 11 
Ferric oxide (FeO 3.20 1.60 67 
Lime (CaO 62.70 62.54 64.28 
Magnesia (MgQ 2.99 A Ae 15 
Sulfuric anhydride (SO 1.70 1.51 32 
Sodium oxide (Na-O 26 19 2 
Potassium oxide (K.O 67 j 17 
Alkali calculated as Na-O 70 73 17 ay 
Water-soluble alkali calculated as Na.O 2 38 18 1 
Computed compound composition percent): 
Tricalcium silicate (CS 12 38 39 
Diealcium silicate (C.S 32 3] 3 
Tricalcium aluminate (C A 9 16 ) 
Tetracalcium alumino ferrite (C,AF 10 8 14 1 
Calcium sulfate (CaSO,) 2.8 3.0 2 re 
Physical properties: 
Specific surface (Wagner) cm. per gm 1,850 1,705 1,965 1,81 
Sugar test (Merriman) : 
Neutral point ml 33.2 36 A A | 
Clear point ml 48.1 57.5 2.7 + ae | 
\utoclave expansion percent .09 42 05 ol 
Normal consistency percent 24.5 25.5 23.5 24.0 
Tensile strength (1:3 mortar): 
At 7 days lb. per sq. in 305 340 315 360 
At 28 days lb. per sq. in 375 420 445 435 
! The compound compositions given are in ‘‘shorthand” form. 
sand-gravel, in the proportion of about 50 gravel.’’ Concrete in which it is used is 


percent by weight of the total aggregate, 
eliminated the abnormal expansion. This 
was true for all four of the cements in- 
cluded in this investigation. 

6. Concrete containing the sand and 
gravel from Long Island, an aggregate es- 
sentially siliceous in character, developed 
greater expansions than similar concrete 
containing the essentially calcareous sand 
and gravel from Chicago. This applied 
to all three gradings in which these ma- 
terials were used and to all four cements. 

7. Both the specimens containing a blend 
of the Platte River sand-gravel and crushed 
limestone and the specimens containing the 
Long Island sand and gravel, when used 
in normal gradation in combination with 
the two cements relatively high in com- 
puted tricalcium aluminate, developed 
greater expansions than similar specimens 
containing the two cements having rela- 
tively low percentages of this compound. 
However, this trend was not noted in the 
specimens containing the sand and gravel 
from Chicago. 

8. These tests indicate that aggregate 
characteristics other than size and grading, 
such as particle shape, surface texture, 
mineral composition, etc., will affect the 

ount of cement necessary to maintain a 

en consistency, using a fixed water- 
c ment ratio, to a much greater extent than 

been commonly assumed. 


Use of Sand-Gravel 
The lack of suitable deposits of coarse 
rregate for concrete in many parts of 
insas and Nebraska, and in certain sec- 
ns of western Missouri and Iowa, has 
to the extensive use of a naturally 
irring mixture of sand and fine gravel 
total aggregate for concrete work in 
se regions. This material, substantially 
‘f which passes a %g-inch sieve, is known 
ily as “mixed aggregate” or ‘“sand- 
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known as sand-gravel concrete to distingu- 
ish it from concrete containing normally 
graded coarse aggregate, which is called 
locally “fine-and-coarse-aggregate” concrete. 


Table 2.—Grading, specific gravity, 


The sand-gravels vary somewhat in mineral 


composition from 
general they are composed of quartz and 
granitic materials with varying amounts of 
feldspar and very little limestone or other 
calcareous material. 

The _ local 


distributed along the beds of such streams 


place to place, but in 


sand-gravel deposits, widely 
as the Arkansas and Kaw Rivers in Kansas 
and the Platte River in Nebraska, furnish 
the only type of aggregate available in 
many parts of these States. These aggre- 
gates in general are reasonably well graded 
from 3s-inch down, although the process 
of washing results in a deficiency in the 
finer sand sizes, particularly in the ma- 
terial passing the No. 50 sieve. The avail- 
ability of these deposits makes them ex- 
ceedingly attractive from the economic 
point of view, even though the fine grading 
has in some cases necessitated the use of 
cement contents as high as 7.5 to 8.0 sacks 
per cubic yard in order to meet require- 
ments for design strength. 

The belief that these materials were of 
satisfactory quality, and the fact that they 
were so readily available, resulted in their 
use in the construction of a substantial 
mileage of concrete pavements in Kansas 
and Nebraska. For example, most of the 


weight, and absorption of aggregates 








Grading 1 
as used 


Grading: percentage retained on 
14-inch sieve 
&{-inch sieve 
%%-inch sieve 


Bulk specific gravity (dry): 
‘A—Platte R 





No. 4 sieve 10 
No. 8 sieve 30 
No. 16 sieve 55 
No. 30 sieve 80 
No. 50 sieve 95 
No. 100 sieve 100 
Fineness modulus 3.7 


latte River 2.61 
B—-Long Island 2.65 
C—Chicago 2.62 

Weight, dry rodded (Ib. per cu. ft. 
A—Platte River 116 
B—Long Island 112 
C—Chicago IW 
Absorption (percent 
A—Platte River 0.32 
B-—Long Island 29 
C—Chicago 2.34 


| 
| Grading 3! 
Grading 2 Aggregate =. ; 
as used) Combined 
as used) 
Fine Coarse 
0 0 
0 55 36 
5 83 54 
10 0 109 64 
30 20 109 72 
0 40 100 79 
65 60 100 RH 
80 R4 100 91 
95 97 100 99 
3.35 3.01 7.38 5.84 
2.61 2.61 '2.60 
2.65 2.66 2.63 
2.62 2.62 2.65 
122 118 ‘104 
117 199 111 
117 110 103 
0.32 0.27 eee 5 
.23 31 .30 
1.98 1.69 1.79 








' For this grading, where the Platte River combination was used, the materials include a combination of Platte River 
aggregate, grading 1, and sufficient crushed limestone to give desired grading. 


Table 3.—Other physical properties of aggregates 








{ Soundness (sodium sulfate loss at 5 cycles 
Resistance to abrasion (Los Angeles loss for grading D 
Organic matter (color test) 

Mortar strength ratio, 7 days $ 


Aggregate 


4 -Platte B--Long C Chicago 
River Island 
percent 3.2 A.4 10.2 
percent 29.0 25.8 St.7 
OK OK OK 
94 1.05 99 





! Weighted average loss based on grading 1 
? A.S.T.M. standard C 131-39, tentative revision 1942. 
*A.S.T.M. standard C 87-42 
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Rock or mineral 
1%- 


A-—-Platte River aggregate: 
Granite 
Feldspar 
Quartz 
Chert 
Quartzite 
Sandstone 
Ferruginous sandstone 
Rhyolite 
Epidosite 
Hornblende schist 
Andesite 
Hornblendite 
Biotite 
B--Long Island aggregate: 
Quartz 
Quartzite 
Schistose quartzite 
Hornblende schist 
Feldspar 
Ferruginous sandstone 
Mica schist 
Granite 
Gneiss 
Sandstone 
Garnet schist 
Biotite 
Muscovite 
Hornblende 
Sericite 
C Chicago aggregate : 
Dolomite 
Quartzite 
Trap 
Limestone 
Chert 
Quartz 





Table 4.—Mineral analyses of aggregates 








to %4- to 
’4-inch 


Percentage composition for each sieve size indicated 


No. 4 to No. 8 to No. 16 to 
No. 8 No. 16 No. 30 


%-inch to 
No. 4 


34-inch 


93 


to 


Average composit 


No. 30 to 
No. 50 


No. 50 to 
No. 100 


Passing 


No. 100 Gravel Sar 


11 i 3 
89 96 94 


“ 
mo We Cole or 


— 


95 96 


| 
—ro-] 


Lo Ok OB 


6 





' Gravel size considered as material retained on No. 4 
? Consists of quartz and feldspar with occasional biotite 
* This size Platte River aggregate not available 

‘Trace, 


original concrete pavement along U  S 
30 in Nebraska was of this type. This 
route follows the Platte River for many 


miles and the local sand-gravel is available 
at any point along the road with 
short haul. 

Unfortunately, the sand-gravel of 
concrete pavement has not proved entirely 
satisfactory. Defects in the form of map- 
cracking of the surface frequently 
veloped on many sections within a few years. 


almost 
very 
type 


de- 


Sometimes these defects led to progressive 
failure of a type which eventually required 
repair or replacement of the affected areas. 
A survey of Nebraska pavements conducted 
in 1939 by the Bureau of Public 
in cooperation with the State Department 
of Roads and Irrigation revealed that about 
one-third of the approximately 500 miles 


Roads 


of sand-gravel concrete pavement surveyed, 


all of which was constructed between 1925 


and 1935, had developed map-cracking of 
a type which appeared to be progressive. In 
contrast to these observations on sand- 


gravel concrete, no evidence of map-crack- 
ing had developed up to 1939 on any of 
the laid with  fine-and-coarse 


aggregate concrete, 


pavements 


Map-Cracking 

Map-cracking as used in this report may 
be defined as the type which forms a pattern 
of irregularly shaped blocks in the surface 
of the Map-cracking per se is 
not necessarily serious; nor does it neces- 
sarily lead to disintegration or complete fail- 
ure. Some badly map-cracked pavements 
have proved durable under severe weather- 


concrete. 
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sleve, 


sand as that passing No. 4 sieve. 


ing conditions. However, when map-crack- 
ing is accompanied by other evidences of 
abnormal expansion, deep scaling, or un- 
revealed by a lack of ring 


under the hammer, it can be generally as- 


soundness, 


as 


sumed to be of the progressive type. An 
advanced stage of map-cracking of this 


Such a condition 
is evidence of disintegration even though 
under favorable conditions it may be pos- 
sible to maintain traffic over the road for 
many years without the necessity of making 
extensive repairs or replacements. 

The fact that map-cracking sometimes 
develops on roads carrying comparatively 
light traffic would indicate that the funda- 
mental causes underlying the initial crack- 
independent of this factor. The 
primary cause appears to be excessive and 
abnormal expansion of the concrete. Evi- 


type is shown in figure 1. 


ing are 


dence of this is found in the closed expan- 
usually accompany the 
appearance of map-cracking. Furthermore, 
this expansion seems to be confined to the 
sand-gravel concrete, being almost entirely 


sion joints which 


absent on pavements containing the conven- 


tional fine-and-coarse aggregate type of 


concrete. 


Object of the Investigation 


One of the objects of this investigation 
was to determine whether the characteris- 
tic map-cracking which is frequently asso- 
ciated with the use of sand-gravel as total 
aggregate could be reproduced in the labo- 
ratory. As early as 1938 Gibson had shown 
that this type of failure could be developed 
in the laboratory by subjecting specimens 





of concrete to alternations of heating and 
cooling and wetting and drying without the 
introduction of a freezing cycle. It was 
the line of 


attack suggested by Gibson by making a 


considered desirable to continue 


series of tests which would include, in ad- 


dition to the Platte River aggregate, ma- 
terials from two other sources differing 
widely from it and from each other in 
mineral composition. It was also consid- 


ered desirable to study the behavior of con- 
crete containing these other materials when 
graded exactly the same as the Platte River 
aggregate. In addition, the 
planned to compare the behavior of con- 


tests were 


crete containing the Platte River material 
with sufficient added crushed limestone t 
make a conventional total aggregate grada- 
tion, with that of of the 
proportions containing the other two agg! 

of the n 

terials, the mix data, and the weathering 


cycles used in the study follow. 


San 


concrete 


gates. Complete descriptions 


Cements and Aggregates 


Thirty-six combinations of materials 
volving four cements and three aggrega‘ 
in each of three gradations were used 
tests. The 


give a considerable range in chemical ¢ 


these cements were chosen 
position, particularly with respect to 
percentage of computed tricalcium alu 
nate (C;A). 
and chemical analyses of the cements 
given in table 1. 


The results of physical t 


Major differences in 
cements were as follows: 
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Cement 1.—A.S.T.M. type I, with 9 per- 
cont tricalcium aluminate (C;A), low auto- 
clave expansion, high Merriman sugar-test 

ilue, 0.70 percent total alkali, and 0.52 
percent water-soluble alkali. 

Cement “.—A.S.T.M. type I, with 16 per- 
cent tricalcium aluminate (C;A), relatively 
high autoclave expansion, high sugar-test 
value, 0.73 percent total alkali, and 0.38 
percent water-soluble alkali. 

Cement 3,—A.S.T.M. type II, with 5 per- 
cent tricalcium aluminate (C;A), low sugar- 
test value, low autoclave expansion, 0.47 
percent total alkali, and 0.18 percent water- 
soluble alkali. Cement 3, in addition to 
meeting the A.S.T.M. requirements, also 
met the requirements of the New York City 
Board of Water Supply. It would there- 
fore be classified as a “Merriman” cement.* 

Cement 4.—A.S.T.M. type II with 7 per- 
cent tricalcium aluminate (C:;A), low 
sugar-test value, low autoclave expansion, 
0.57 percent total alkali, and 0.21 percent 
water-soluble alkali. Cement 4 was also 
classified as a Merriman cement. 

It will be observed from table 1 that ce- 
ment 2 has a considerably higher autoclave 
expansion than the other three. It is also 
the coarsest in terms of specific surface. 
It is of interest that cements 2 and 3 were 
from the same mill, the former being the 
regular commercial product and the latter 
a cement modified to meet the requirements 
of the New York Board of Water Supply. 
It should be noted that this work was 
initiated before the question of an alkali- 
aggregate reaction as possibly contributing 
to map-cracking had been raised. For this 
reason no attempt was made to secure wide 
variations in the alkali contents of the four 
cements. 

The physical properties of the aggregates 
are given in tables 2 and 3 and the mineral 
composition of the various size fractions in 
table 4. All three of the aggregates met 
the conventional A.S.T.M. physical test re- 
quirements for concrete aggregates. <A 
general description of the aggregates fol- 
lows: 

Aggregate A. Sand-gravel from the 
Platte River at Schuyler, Nebr., composed 

sentially of granite, quartz, and feldspar, 

ith about 0.3 percent material classified as 
yal. The amount of feldspar, predomi- 
antly potash (orthoclase and microcline), 

ried widely in the different sizes from a 

h of 40 percent in the No. 4-8 sieve size 

a low of 3 percent in the material pass- 

the No. 100 sieve. This aggregate has, 
veneral, a poor service record. 

lygregate Bi—Sand and gravel from 

ng Island, N. Y., (the so-called “Cowe 

v’ material). The sand and gravel were 

10st entirely siliceous, being composed 


The term ‘‘Merriman’”’ cement is frequently used to 
ne portland cement that will meet the specifications 
he Board of Water Supply of the City of New 
edition of 1937. These specifications, which con- 
certain special requirements not found in the 
‘.T.M. specifications, were developed by the late 
ldeus Merriman, consulting engineer for the Board 
many years. Mr. Merriman felt that his special 
rements were necessary in order to insure proper 
ng, thereby insuring a more volume constant and 

e durable product. 
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Table 5.—Mix data’ 
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Chicago), 


1 Slump for gradings 1 and 2 in both seri 
3.75 for grading 1, 3.35 for grading 2, and 
2 In the case of aggregate 
are the same as was used for the corresponding « 
the proportions were the same 
water content was varied tx 


of about 90 
with practically no feldspar. 
gate has an excellent service 

Aggregate 
Plainfield, Ill., in the Chicago area. 
trast with aggregate B, it was almost en- 
tirely dolomitic 
being about 80 percent and the gravel about investigated. Sieve analyses of the various 


percent dolomitic 


93 


maintain the de 


quartz 


Sand 


\ 


Proportions by 


weight 


19 


19 
19 
19 


Platte 


composition, 


material. 


a 


an on ns 


3.04 


> Qo” 


r grading 3. 








Actual cement | Net water con- Weight of fresh 
content (sacks tent (gal. per concrete 
wohuee per cu. yd.) sack) (Ib. per cu. ft.) 
_ —___ — — | - +f 
SERIES I, GRADING 1 
92 7.4 5.0 143 
.43 7.9 5.0 143 
05 8.5 5.0 145 
60 aot 5.0 142 
74 8.7 | 5.0 140 
56 9.2 5.0 143 
82 7.6 } 5.0 144 
08 8.3 5.0 142 
94 8.6 5.0 145 
.95 7.4 5.0 14° 
28 8.0 5.0 140 
94 8.6 5.0 144 
SERIES I, GRADING 2 
86 7.5 5.0 144 
20 8.1 5.0 141 
70 9 0 5.0 145 
35 8.1 5.0 143 
q 9.0 5.0 140 
24 9.8 5.0 143 
6 7.8 5.0 144 
9 8.6 5.0 142 
79 8.9 ».0 | 145 
oF 7.4 ».0 | 144 
1 8.2 ».0 140 
19 9.3 ».0 143 
RIES IIT, GRADING 1 
92 7.4 ».0 142 
Re (if ».8 140 
89 7 2 6.3 144 
6( 7 2 5.0 143 
7.4 6.0 139 
‘ 7.5 6.1 143 
2 7.6 5.0 | 144 
6 7.2 6.1 140 
9 7.8 6.4 143 
E 7.3 5.0 141 
SY 4.0 5.9 138 
92 7.0 6.7 142 
RIES II, GRADING 2 
S¢ 7.5 0 144 
80 7.2 6.0 140 
8 72 6.4 143 
3 8.1 5.0 143 
29 7.8 8 139 
32 7.8 6.1 142 
6 7.8 0 144 
60 7.4 5.9 140 
62 7.5 6.1 143 
96 7 5.0 143 
90 7.0 6.1 138 
3 cia 6.4 j 142 
= 
SERIES I AND IT, GRADING 3 
13 5.1 6.1 152 
37 5.1 6.0 151 
31 5.1 6.3 154 
13 5.1 5.8 152 
37 5.1 6.0 151 
4 31 5.1 6.6 153 
13 Cs 6.1 152 
37 5.1 6.0 152 
31 b.1 6.5 153 
{ 13 5.1 »& 152 
37 5.1 6.0 150 
31 1 6.5 152 





pproximately 1 inch; for grading 3, 214 inches. Fineness modulus was 

es II, the proportions and water content for each cement and grading 
inations in series I In the case of aggregates B (Long Island) and C 
ised for the corresponding combinations involving aggregate A. The 


quartzite, percent of the sand was quartz. This ag- 


aggre- gregate also has an excellent service rec- 
ord, 
trom 
In con- 


Grading and Proportioning 


sand Three different aggregate gradations were 


About 15 aggregates and aggregate combinations are 
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Figure 2.—Horizontal comparator with test specimen. 


given in table 2. 
ings follows: 
Grading 1. 


A summary of the grad- 


The gradation of the Platte 
River sand-gravel as normally used: In 
reality a coarse sand, only 5 percent being 
retained on the “s-inch sieve and only 5 per- 
cent passing the No. 50 sieve. 

Grading The same as grading 1 but 
with sufficient fines added (from the same 
source) to bring the total passing the No. 
50 sieve up to 20 percent. 
size was not increased. 

Grading 3.—A conventional aggregate 
gradation, from 1%-inch size down, with 
64 percent retained on the No. 4 sieve. For 


The maximum 


Table 6.—Cumulative changes in length 


aggregate A this was accomplished by add- 
38-inch 


ing crushed limestone (1%-inch to 


AFTER TEST [AXIS] 
20187 in —— 





Figure 3. 






in size) from Bethany Falls, Kans., to th 
Platte River material (a procedure local! 
known as “sweetening”’), resulting in a com 


bined aggregate consisting of 53 percen 


limestone and 47 percent sand-gravel b 
weight. For aggregates B and C the tota 
aggregate was obtained by using grav: 
from the same source as the sand, th 
gradings being practically identical wit 
that used for aggregate A combined wit! 
the crushed limestone. 

Each of the four cements and three ag 
gregates was tested in each of the thre 


gradations, making 36 combinations in al 
Two series of tests were run and two speci 
mens cast for each combination it 
each series, making a total of 144 specimens 
in the entire program. 

In test series I, for gradings 1 


the determined on 


were 


and 2 
proportions were the 
ORIGINAL BEAM BEFORE TEST 


6x6x20 in 
10 in. goge line - 











Exaggerated sketch of test beam after various exposure 


ie AFTER TEST [TOP] 
20.23 in 


a J 


AFTER TEST[BOT TOM) 


10 in. gage line - 20.16 in 


eycles. showing typi- 


cal expansions. 


after various storage periods 





Cement and aggregate 
160 days 
cycle A) 
1A | 0.005 
1B 005 
1-C 017 
2A 005 
2-B 008 
2-C 019 
3A 010 
3 RB 012 
3-C 017 
4A 010 
iB 016 
1c 022 
1A 0.010 
18 007 
1c 018 
2A 006 
28 012 
3-C 022 
3A 013 
3B 020 
3-C 015 
LA 016 
in 013 
4c 021 
1A 0.003 
1B 004 
1c 004 
2A 004 
2B 0 
2-C 007 
3A .008 
3B 010 
8c 013 
4A 009 
4Bn 006 
Ac 009 


360 days 
(cycle B) 








‘Fach value is the average of tests of two beams 
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2,450 days 
cycle D) 


660 days 
cycle C) 


GRADING 1 


T 
0.001 | 0.772 | 0.940 
002 044 108 | 
010 010 038 
008 118 156 
002 038 047 
.006 015 .052 
O11 223 459 
013 010 
012 006 036 
005 316 .529 
O11 009 043 
015 002 010 
GRADING 2 
] | 
0 | 0.498 0.605 
0.004 033 .072 
015 | oll 026 
002 082 098 
003 033 060 
010 018 041 
017 030 095 
017 012 | 057 
014 010 026 
015 008 038 
016 007 019 
016 003 014 
GRADING 3 
0.001 0.022 0.042 
004 062 187 
002 009 024 
0 012 107 
004 024 072 
005 007 043 
006 005 014 
003 016 030 
001 008 027 
003 004 010 
001 039 046 
001 002 013 


Test Series I: Percentage change in length after storage of 


3,270 days 
cycle E 


| 
| 0.968 
096 
003 
143 
.034 
013 
.508 


004 
548 
017 
006 


607 
059 


093 
039 
010 
0s9 
045 
009 
011 
008 
001 


0.033 
163 
016 
081 
078 
014 
009 
023 
016 
007 
033 
007 


Test Series Il: Percentage change in length after storage of 
£ 4 


160 days 360 days 660 davs 2,450 days 3,270 days 


cycle A cycle B cycle C) cycle D eycle E 
| 
0.009 0.002 0.752 0.952 0.976 
.010 001 .102 ides .169 
019 003 016 .023 001 
010 007 .124 .176 . 147 
011 006 .022 028 017 
027 007 011 016 002 
.009 005 445 648 686 
- .017 005 019 032 013 
023 003 016 023 004 
015 010 .106 
013 004 017 020 004 
028 013 .005 0 001 
] 
_ E 
0.010 0.006 0.646 0.720 0.728 
010 001 041 042 057 
~ .019 O11 013 019 0 
015 001 115 148 138 
014 002 030 039 035 
021 006 022 036 012 
020 019 144 204 195 
017 006 022 033 012 
021 008 010 013 003 
015 014 027 041 020 
019 010 010 019 00 
020 007 008 013 001 
0.001 0.006 0.035 0.047 0.04! 
006 002 101 169 18 
012 006 019 .020 013 
005 003 .023 108 103 
007 004 030 068 07 
018 003 .016 .029 O12 
007 001 .016 025 O18 
012 0 028 .032 03 
015 001 015 .017 Olt 
009 002 .012 015 01 
013 004 .014 019 01 
014 002 O14 014 01 
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basis of an approximately constant slump SERIES I 




















SERIES II 
and a constant water-cement ratio of 0.67 CEMENT | : 
by volume (5.0 gallons per sack), for all — 1.0 AGGREGATE A AGGREGATE A 
combinations of cements and aggregates. 0.9 +4 —4 | 
This resulted in average cement contents 
of about 7.6 sacks per cubic yard for the 0.8 | 
Platte River material, or about the same 0.7 
as used in the roads which had given 
trouble. The corresponding cement factors 0.6 
for aggregates B and C were considerably 0.5 
higher, averaging about 8.4 for aggregate 
B and 9.0 for aggregate C. For both grad- 0.4 
ings 1 and 2 a slump of approximately 1 0.3 
inch was used, as this is the consistency 
normally employed in actual construction 0.2 





with sand-gravel aggregate. + 0.| 
In test series II, for gradings 1 and 2 
identical proportions (by weight) and con- ) 
sistency were used for all three aggregates 


and a given cement as were used in series 
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| with that same cement and the Platte & os ——T 
River material (aggregate A). This was S 0.2 
for the purpose of equalizing somewhat ra , 
the variations in cement content which re- a +0.! 
sulted from the use of a constant water- ‘J 0 
‘ement ratio in test series I. The resultant S 
water-cement ratios in test series II varied > - 0,1 
considerably, running as high as 6.7 gal- o 0.7 
lons per sack as compared to the 5.0 gallons = ; 
per sack used in all mixes containing the 4 0.6 
Platte River material. ~ 05 
For grading 3 (the normal concrete grad- : 
ing) in both test series I and II, the com- 0.4 
binations were proportioned on the basis 
of an approximately constant cement factor a 
of 5 sacks per cubie yard, with the slump 0.2 
maintained at approximately 21 inches. 
It will be seen from the foregoing that, “> 
for each variable involving aggregate A Or: 
in gradings 1 and 2, resuits based on four —_— — | 
specimens of a kind (two in series I and — CEMENT 4 
two in series II) were obtained as compared 0.7 ee ae | | 
to two specimens of a kind in the case of | | | { 1 
aggregates B and C. Thus, for aggre- 06 | | 
gate A, series II served as a check on series 05 
I. For grading 3, all of the data from 
series II served as a check on series I inas- 0.4 
much as the same mixes were used for both. 0.3 
Complete mix data are given in table 5. 
0.2 
Vixing and Storage 
\ggregates in gradings 1 and 2 and the 7 
ne aggregate fraction of grading 3 con- O 
ned some free water at the time of mix- un 
g. The coarse aggregates used in grad- = re) re) O° oS Oo fe) oO 32 
i : Te) © © of re) ee) © Be 
5 were in a saturated and surface-dry = © © pA = - ” Nm 
ndition at time of use. The necessary ; D le 
rections for free water were made when Al B C 0 al ‘i , iii 
mputing the net water-cement ratios. CYCLE — 
xing was done in an open-pan Lancaster DAYS IN STORAGE (LOG,SCALE) 
ver, sufficient concrete for one 6 by 6 by , 
inch specimen being mixed at one time Figure 4.—Effect of aggregate type: Grading i. 
specimen for each of the three aggre- : ; : f for grading 3 All specimens were cured 1 
tes, the three gradings, and two of the factory for these mixtures. Specimens 01 — WIN ig BEE: — ES and 27 
cements was made on each working "ormal concrete (grading 3) were molded day in the molds in the mixing room and 2% 
vy, making 18 specimens per day, or a total by rodding in the standard manne! Che days in the moist room, prior to oe sais 
144 specimens in 8 working days. All consistency was not controlled directly by; After a preliminary moist storage He 
cimens containing the *s-inch maximum _ the use of the slump test but was judged by of 28 days, the concrete test beams were 
aggregate (gradings 1 and 2) were means of the flow test. The concrete mixes measured for length and then exposed _— 
olded by thoroughly spading the concrete were adjusted to provide a consistency cor- cessively to a series of cycles of heating 
a trowel, as it was found that the responding to approximately a l-inch slump and cooling and wetting and drying. As 
ndard rodding procedure was not satis- for gradings 1 and 2 and a 2'2-incl imp will be seen later, the pattern of cycles 


UBLIC ROADS e Vol. 26. No. 8 


ve 


167 











was established during the course of the 
work, as need for change in procedure was 
evidenced. The complete series of cycles 
was as follows: 


Cycle A.—One day in moist room at 70 


F., followed by 1 day in air at 130° F., 
followed by 2 days in air at 70° F.: 40 
cycles, requiring 160 days. 

Cycle B.—One day in water at 70° F., 


followed by 1 day in air at 130° F., followed 


by 2 days in air at 70° F.: 50 cycles, re- 
quiring 200 days. 

Cycle C.—One day in water at 70° F., 
followed by 1 day in air at 130° F.: 150 


cycles, requiring 300 days. 
Cycle D. 
at 70° F 


5 years). 


Continuous storage in moist air 
for 1,790 days (approximately 

Cycle E.—¥Exposure outdoors near Wash- 
ington, D. C., for 820 days (approximately 
2% years), followed by 
tion 


1 days resatura- 


in water. 


Measurements 


The test specimens used 
were 


in this study 
concrete beams 6 by 6 by 20 inches in 
size. Stainless steel plugs were set in the 
center of each end of the specimens and 


brass inserts, provided with drilled gage 
seats, were set in the upper and lower sur- 
faces. Three sets of length-change 


ings were taken 


read- 
one on the end plugs and 
the others along the upper and lower sur- 


faces of the specimens. These latter meas- 


urements were made with a mechanical 
strain gage over a 10-inch gage length; 
the end measurements were made with a 
horizontal] comparator reading to 0.0001- 
inch. The comparator is shown in figure 
2. All measurements were taken with the 


a moist condition at 70° F. in 
order to eliminate insofar as possible dif- 


conerecte in 
ferences due to variations in temperature 
and moisture conditions at the time of test. 

In the 
showed the same trends as those taken along 
the central axis. However, the 
measurements, which made 
mechanical strain gage over a gage length 
The 
end measurements were made with a hori- 
zontal comparator over the entire 20-inch 
length of the beam and were quite consis- 
tent. The individual discrepancies noted 
in the surface readings reveal the difficulty 
of securing consistent results with a mechan- 


general surface measurements 
surface 
were with a 


of 10 inches, were somewhat erratic. 


ical strain gage, which involves the personal 
With the horizontal comparator, 
on the other hand, very consistent results 
are obtainable because the personal equa- 
tion 


equation. 


is absent. 


Discussion of Observations 
The surface though 
ratic, do indicate two definite trends, neither 
of which would have been revealed by end 
measurements. 


measurements, er- 


During cycle D (continuous 
for 1,790 days) 
measurements revealed appreciable warping 


moist storage the surface 


in many of the specimens, particularly those 
which had developed large residual expan- 
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SERIES I 


CEMENT | 
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AGGREGATE A 
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+ 0.1 





=- 0.1 
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Figure 5.—Effect of aggregate type: Grading 2. 


These were 
principally the combinations involving ag- 
gregate A (the Platte River material) 
gradings 1 and 2. 


sions at the end of cycle C. 


in 
The over-all expansion 
of these specimens at the end of cycle D 
was also large. In other words, they con- 
tinued to expand after the wetting and 
drying cycle had been discontinued. 
Warping was revealed by substantially 
higher expansion along the top surface than 
along the lower surface. This caused the 
to curl illustrated in 
figure 3, which shows readings for one of 
the beams in the combination of aggregate 
A (in grading 1) with cement 1. These 
measurements no doubt reflected the tend- 
ency of the surface mortar to expand at a 
greater rate than the mass of the concrete. 
Such a tendency probably exists in most 
concrete pavements because, due to finishing 
operations, a layer of mortar of distinctly 
inferior quality is formed on the surface 
of the pavement. These length differen- 
tials between the upper and lower surfaces 
were found only in the combinations which 


ends downward, as 


Where the over- 
(0.1 percent or 
less), which was the case with the majority 
of the combinations, the warping tendency 
was not indicated by the measurements. 
This was due, it is believed, to the fact that 
the surface measurements were not suffici- 
ently precise to reveal the very small length 
changes involved. 

Another interesting trend was the up- 
ward warping at the ends of most of the 
specimens at the end of cycle E (outdoor 
storage on the ground for 2% years). This 
warping was probably due to differential 
drying out of the top surface with respect 
to the lower surface, since the latter was 
in contact with the ground. Here aga 
however, the individua] results show man) 
inconsistencies. Although the general trends 
indicated by the surface measurements :!" 
probably bona fide, it believed the n- 
dividual measurements, the reasons 
stated, are not sufficiently accurate to p'- 
mit detailed comparisons between combi °2- 
tions where the total movements are sm |. 


had expanded excessively. 
all expansions were small 


) 


is 


for 


ps 
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SERIES I SERIES I 
CEMENT | 
0.3 —— . ) - : ) 
0.2 } } = 
8B ee ae 
t | 
+ 0.1 F et te 
0 — : ra —-7 
=— OO. . 
CEMENT 2 
“4 O35 | r —_—aeee —— 
= 02 ++ 
o AGGREGATE A. 
! + 0.) | + x = 
WwW 
5 
= O 
a 
: | 
5 =O. ~—— 
x CEMENT 3 
. 0.3 _ — 
z | 
us 0.2 t | 
+0. 4 } 4 { 
Bac A A B 
4 = » 
0) — > . ; a r ——<—< TT — —— 
_ 0.1 L 4 — 
CEMENT 4 
0.3 7 — 
0.2 + + | —__—_—____ -+ — + 4 4 
+ O.! }-4 t -_ By : | A,B aC 
pee oa _ ah ———— sees 
al Be oe y “| aac” tea "T 
=u : 9 9 nar i 
8 2 8 2 8 
3 8 ze - 8 8 
A B Sc I D rE! A B C D E 
CYCLE CYCLE 
DAYS IN STORAGE (LOG, SCALE) 
Figure 6.—Effect of aggregate type: Grading 3. 
These include most of the combinations At the end of cycle A (160 days), it was 
involving aggregates B and C€ as well as found that all of the specimens were show- 


aggregate A in grading 3. For this reason 
these data are omitted and the balance of 
the report will be limited to a discussion of 
the end measurements only. 

The cumulative 
length of the test specimens along the cen- 
tral axes, at the expiration of the various 
exposure periods, are given in table 6 and 
are plotted in figures 4-7. Each value is 
the average of measurements on two speci- 
mens made on different days. In the case 

aggregate A in gradings 1 and 2, and 
all three aggregates in grading 3, the same 
proportions and consistency were used in 

test series I and II. In this 
refore, the results of the two series are 
ectly comparable, a point which should 
orne in mind when studying the data. 
the other hand, combinations involving 
regates B and C in gradings | and 2 are 
strictly comparable in the two series due 
the fact that a constant water-cement 
© Was used in series I whereas in series 
the weight proportions were kept con- 
t for each cement. 
ever, to 


differences in 


percentage changes in 


case, 


Even in these eases, 
the data will 
cement content 


reference show 


the and 
content, although quite large, were 


rently not 


7 


sufficiently great to affect 
eral trends to an appreciable extent. 
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ing small residual contractions. This indi- 
cated quite definitely that 24 hours in the 
moist room was not long enough to insure 
complete resaturation after drying at 130 
F. Cycle therefore introduced, to 
provide for immersion in water instead of 
storage in the moist room. After 
nations of cycle B, however, the net expan- 
still all 


B was 
50 alter- 


sions were found in cases to be 
very small. 

Cycle C was then instituted, omitting 
altogether the 48-hour storage period in air 
at 70°F. 
mens were immersed immediately in water 
upon removal from the drying oven at 150 
F., thus simulating the effect 


cool shower 


Under this procedure the speci- 


sudden 
pavement at 


of a 
upon a 
the close of a hot dry day. This treatment 
had the effect desired: It differentiated quite 
definitely between the concretes in a man- 
ner similar to that observed in service. 
Cycle C Ab- 
normal expansion (an increase in length of 


concrete 


was continued for 300 days. 


almost 1 percent in certain cases) had de- 
veloped in some of the Platte River sand- 
gravel combinations by that time, with re- 
sultant map-cracking and other evidences 
of deterioration. This indicated the desira- 
bility of discontinuing the type of 
which involved daily handling of the 


eycle 


f speci- 


mens. They were therefore stored in the 
moist room for approximately 5 years 
(cycle 1)), after which they were again 
measured for length and then stored out- 
doors on the ground in the vicinity of the 
laboratory (cycle E). The final set of 
readings was taken after about 2% years of 
storage outdoors, at which time the speci- 
mens were approximately 9 years old. 


Effect of Aggregate in Grading | 

Figure 4 shows for grading 1 and for 
each cement the effect of aggregate type on 
length change. It will seen that the 
combinations involving aggregate 
A, all of which showed relatively high ex- 
pansion at the end of cycle C, continued to 
expand through cycle I) and, in most cases, 
through cycle E. 
cement 2 


be 
various 


The concrete containing 
is the only exception to the latter 

On the other hand, the con- 
cretes containing aggregates B and C, al- 
though showing small additional expansions 
at the end of cycle D, all contracted as the 
result of the outdoor exposure of cycle E. 
These facts would indicate that whatever 
the nature of the internal reactions which 
caused the excessive expansion with aggre- 
gate A, the same 
through cycle 
would be 


tendency. 


reactions were continuing 
E. Otherwise, contractions 
expected during cycle E similar 
to those shown in the ease of aggregates B 
and C, 

It should also be noted that the amount 
of the expansion occurring in the concrete 
containing aggregate A was influenced ap- 
preciably by the cement, cement 1 being by 
far the most active and cement 2 the least 
active of the four. When studying figure 
{, it is important to remember that, insofar 
aggregate A is concerned, the propor- 
tions II were identical with 
those used in series I, although an interval 
of nearly a month elapsed between the cast- 
ing of the specimens in the two series. The 
similarity of the trends as revealed in the 
two series is quite striking and tends to 
show that the trends shown in series I were 
not accidental. 


as 


used in series 


It should be observed, also, that the in- 
fluence of aggregate 
tirely 


grading has been en- 
eliminated by this grouping of the 
data since al] of the specimens, regardless 
of aggregate type. contain material of iden- 
tical grading (in this case grading 1, the 
normal grading of the Platte River ma- 
terial). The data show conclusively that 
aggregate grading is not responsible for 
the excessive expansions which have taken 
place. 

As noted above. ali of the concretes con- 
taining aggregates BR and C expanded some- 
what ‘during cycle I) and then showed con- 
traction at the end of cycle FE. Further- 
more, aggregate BR. the siliceous material 
from Long Island. consistently showed high- 
er expansions than aggregate C, the dolo- 
mitic material] from Chicago. There is a 
strong possibility that these differences, 
although small as compared to the expan- 
sions found in the case of aggregate A, may 
related to the therma! 


be differences in 
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Figure 7.—Effect of cement: Grading 3 (average for tests series I and II). 


characteristics of the two aggregates. 
However, there is no evidence of abnormal 
growth with either of these materials. The 
maximum expansions with all but one 
cement were less than the 0.1 percent, which 
is frequently indicated as the dividing line 
between normal and abnormal behavior in 
this regard. 

The reason for the abnormal expansions 
found with the Platte River material re- 
mains unknown. There is the possibility of 
a slight alkali-aggregate reaction, but the 
fact that the Platte River aggregate used 
in these tests contained only 0.3 percent 
opal, coupled with the lack of relation be- 
tween the alkali contents of the four cements 
and the resultant volume change, 
tend to minimize this possibility. 


would 
Neither 
can these abnormal expansions be due to 
the rich mix that was used, because in series 
I the cement contents of the combinations 
involving aggregates B and C were actuall, 
higher than 
gregate A. 


those which involved 


ag- 
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There remains the possibility that these 


abnormal effects are due to differential 
thermal characteristics of the aggregates. 


Blanks” has called attention to the fact that 
aggregate of the same general nature as 
the Platte River material contains sub- 
stantial amounts of the orthoclase and mi- 
crocline feldspars and that these minerals 
have a very low thermal coefficient of ex- 
The Platte River gravel used in 
these tests contained varying amounts of 


pansion. 


these minerals, ranging up to as much as 
10 percent in the Nos, 4-8 sieve size. It is 
possible that the deterioration of concrete 
containing this material may be due, at 
least in part, to stress developed within the 
the result of thermal 
This fact alone 
not account for the wide differences in ex- 


concrete as incom- 


patibility. however, would 


pansion noted with the different cements. 


These differences must be related to some 


Vodern concepts applied to concrete aggregate, by 
R. F. Blanks. Proceedings of the American Society of 
Civil Engineers, Vol. 75, No. 4, April 1949, p. 441 


characteristic or characteristics of the cor 
bination which are influenced by both tl 
aggregate and the cement. Whether the 
effects are physical or chemical, or a con 
bination of the two, has not been dete 
mined. 


Effect of Aggregate in Grading 2 
Figure 5 shows, for each cement, the « 
fect of aggregate type when used in gradin 
2. This grading was the same as gradin 
1 except that sufficient fine material fro: 
the same source was added to increase tl 
total amount passing the No. 50 sieve fro: 
5 percent to 20 percent, with no increa 
in the amount retained on the %s-inch siev: 
A comparison of figures 4 and 5 indicate 
for cements 1 and 2, trends almost identical! 
in grading 2 with those found with gradin; 
1. In the case of cement 1, the addition of 
fines, while causing some reduction, did not 
appreciably decrease the excessive expan 
sion shown by aggregate A in grading 
In the case of cement 2, about the same ex- 


pansions were noted for both gradings, the 


values being comparatively low in both 
cases. In the case cf cement 3 in series I, 
and cement 4 in both series, the abnorma 


expansion shown for aggregate A in grad 
fact, so 
far as cement 4 is concerned, the expansions 


ing 1 was largely eliminated. In 


found for all three aggregates were all well 
within the 0.1-percent limit previously men- 


tioned. In other words, for this cement 
as well as for cement 3 in series I, concrete 
containing the Platte River material] in 
grading 2 behaved normally. 

In general it may be said that the addi 
tion of fines to the Platte River material 
reduced the expansions somewhat, the 


amount of the reduction varying with the 


cement. Moreover, the tendency for con- 


tinued expansion with cements 1, 3, and 4 
during cycle E, noted in the case of grading 
1, was not found with grading 2. 
Attention has been called to the fact that, 
in series I, the cement contents of the cor 
crete containing aggregates B and C were 
substantially higher than those used wit} 
aggregate A. For example, in the case 


aggregate C in grading 2, cement 2 of se 
I (fig. 5) 
per cubic yard as compared to 9.0 for ag- 
Th 

values, as well as the corresponding cement 


, the cement factor was 9.8 sacks 


gregate B and 8.1 for aggregate A. 


factors for the other combinations used in 
series JI, shown 


table 5. 


order to 


gradings 1 or 2, are 
The variations were necessary 'n 
water-cement 


maintain the same 


ratio throughout the series. The data show 
definitely that there is no relation what« 
between cement content and expansion. 
fact, as will be seen later, the actual ex 
sions of certain combinations in grading 
and 2, all of which involved the use of \ 
rich mixes in series I, were no highe? 
any than the expansions 
(the 


where the cement content was reduced + 


time develo}. 1 


With grading 3 normal concre 


sacks per cubie yard. 
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I ffect of Aggregate in Grading 3 

‘he effect of aggregate type in grading 3 
with each cement is shown in figure 6. It 
will be noted that in practically all cases 
the abnormal expansions which occurred 
when using aggregate A in gradings 1 and 
2 were eliminated by the use of a normal 
concrete grading obtained by mixing the 
Platte River material with crushed lime- 
stone. In fact, the maximum expansions 
with this combination were actually less in 
all cases, except with cement 2, than were 
those for the corresponding combinations 
involving aggregate B. In studying figure 
6 it should be borne in mind that aggregate 
A, the Platte River sand-gravel, has been 
combined with crushed limestone in about 
equal proportions. This substantially re- 
duced the silica content of the aggregate, 
which may account for the smaller expan- 
sions found in the ease of aggregate A as 
compared to aggregate B, which was almost 
entirely siliceous. In the case of cement 2, 
both series show higher expansions for ag- 
gregate A than for either B or C. This 
reversal cannot be considered accidental 
since the results of the two series 
each other almost exactly. 


check 


Effect of Cement in Grading 3 


Except for the combination involving 
cement 1 and aggregate B, virtually all of 
the expansions observed in the normal 
concrete (grading 3) within the 
range of 0 to 0.1 percent. It was de- 
cided, therefore, to plot the length changes 
for this grading on a very much larger 
vertical scale than that used in figures 4-6. 
In figure 7, the chart so produced, differences 
in expansion of the order of 0.01 percent or 
less are clearly indicated and may be of 
some interest. 


were 


Each point used in plotting 
the curves was the average of four deter- 
minations—two in series I and two in series 
Il. The corresponding length changes for 
each series separately are shown in table 6. 

In studying figure 7, the nature of the 
various exposure should be kept 
clearly in mind. It will be recalled that 
eycle A 72-hour drying period 
followed by 24 hours in moist air. Figure 
7 shows clearly that 24 hours of resatura- 


cycles 


involved a 


tion in moist air was not sufficient to prevent 
residual contraction. Furthermore, there 
scomed to be a definite tendency for cements 
+ and 4 to show greater contractions than 
( ents 1 and 2 (except the aggregate C- 
ent 2 combination), this trend being evi- 

t in the ease of all three aggregates in 
series. Also, for a given cement, con- 

e containing aggregate C showed some- 
t greater contraction than the concretes 
vhich and B were used. 
the conclusion of cycle A the moist stor- 


aggregates A 


condition was changed to 24 hours in 
r instead of in moist air, the period of 

ng remaining the same. At the expira- 

of 50 eycles of this treatment (cycle B), 
the specimens had expanded, although 
st cases they still showed some residual] 
ction. 
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Figure 8.—Abnormal expansion of specimens 


grading 1 with cement 


With the elimination of the 48-hour dry- 
ing period at 70°F. (cycle C), the specimens 
continued to expand, this trend continuing 
through cycle ID. It will be noted that at 
the expiration of cycle C all combinations 
showed residual amounts 
varying with both the cement and the ag- 
Cements 1 


expansion, the 


gregate. 
than cements 


and 2 expanded more 


3 and 4, the difference being 


much more marked in the case of aggre- 
gates A and B than in the case of aggre- 


grate C. 

In most cases the specimens contracted 
during cycle E. After 214 years of outdoo1 
exposure, the 96 hours in water which was 
provided at the end of 
parently not sufficient to 
specimens. In 


cycle E was ap- 
resaturate the 
the case of cement 2 with 
aggregate B, readings at the end of cycle E 


showed further expansion, which is a defi- 


nite exception to the general trend. How- 
ever, it should be noted again that the same 
tendency was found in_ both © series 


(see fig. 6). 

The chief point of interest observable in 
figure 7 is the high expansion 
which took place in the combinations in- 
and 2 
Aggregate A in this grading was 


relatively 


volving cements 1 with aggregates 


A and B. 


1. at end of cycle C: 
end of eycle E; (bottom) grading 1 with cement 





containing 
(center) 


sand-gravel aggregate: (top) 
grading 2 with cement 1. at 
3. at end of evcle E. 
composed of a mixture of the Platte River 
material and crushed limestone in about 
equal parts; aggregate B was almost 100 
percent quartz or quartzite; and aggregate 

The chief 
difference in the cements is the fact that 
cements 3 and 4, in addition to meeting the 
standard A.S.T.M. requirements, also met 
the specification requirements of the New 
York City Board of Water Supply. 

Cement meeting these requirements would 
be classified as A.S.T.M. type II, principally 
because of the limitation on alumina, but 
they are much more restrictive than type I] 
in that 


C about 95 percent dolomite. 


they also include limitations on 
sugar solubility (a test devised by Merri- 
as well as a 
requirement on maximum allowable water- 
alkali. The authors are not 


pared to advance an explanation for the 


man to detect underburning) 


soluble pre- 
increase in expansion noted in the case of 
cements 1 and 2 in combination with ag- 
gregates A and B as compared to the ex- 
pansion noted for other combinations. How- 
ever, the trends are so definite and are re- 
peated so consistently in the two series of 
tests as to make it extremely unlikely that 
accidental. The data are _ pre- 
interesting example of the 


they are 
sented as an 
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possible variations in the volume change 
characteristics of different combinations of 
cements and aggregates. They illustrate a 
principle which is being recognized more 
and more: The volume constancy of con- 
erete is influenced to a marked degree by 
the particular combination of cement and 
aggregates used in the mix, and these ma- 
terials must be studied in combination with 
each cther in 
vidually. 
Examples of the 


concrete rather than indi- 
excessive map-cracking 
which developed in many of the specimens 


containing aggregate A are shown in fig. 8. 
Unsolved Problems 


It is realized that the foregoing discus- 
sions raise many questions for which an- 
swers have not been supplied. This is just 
as true now as it 1942 


was in when the 


A FACTUAi DISCUSSION OF MOTOR- 
TRUCK OPERATION, REGULATION, 
AND TAXATION 
The Bureau of Public Roads has recently 
published A Motor- 
truck Operation, Regulation, and Taxation, 


Factual Discussion of 


a 113-page bulletin presenting in summary 
form the factual and other 
available to the Bureau, with discussi 


records data 
ms of 
their significance, which might prove useful 
in any study and investigation of the trans- 
portation problem. The bulletin 
purchased from the Superintendent of Docu- 


may be 


original progress report was prepared. For 
example, no one, as far as the authors are 
aware, has yet advanced an entirely satis- 
factory explanation for the abnormal ex- 
pansion which takes place when Platte 
River or similar aggregate is used in con- 
crete with certain cements. Nor has an 
adequate explanation been forthcoming as 
to why this expansion can be stopped by 
the addition of crushed limestone to such 
aggregates. 

These well as tests made by 
other investigators, have proved that con- 
ventional factors such as aggregate grad- 
ing, aggregate quality as measured by con- 
ventional tests, cement content, free lime 
in cement, etc., are not sufficient to explain 
this abnormal expansion. The probability 
that the aggregate is mildly alkali-reactive, 
combined with the fact that from one-fourth 
to one-third of the aggregate consists of a 


tests, as 


New Publication 


ments, U. S. Government Printing Office, 
Washington 25, D. C., at 30 cents a copy. 
The subject material in the 
presented in seven parts, covering the 
growth of motor-vehicle registration and 
use, the effects of size and weight of ve- 
hicles on traffic 
capacity of highways, axle loading and its 
effect on roads and legal limitation, weight 
of vehicles and its effect on bridges, the 
character of overloaded vehicles and their 
pay loads, highway-user tax payments in 


bulletin is 


the geometric design and 


relation to highway revenues and expendi- 


tures, and the allocation of highway tax 





type of feldspar having a low thermal c 
efficient of expansion, may supply the a 
swer, but the data of these tests indica 
quite definitely that neither of these fa 
taken separately is the answer. Moreoye 
the fact that the Platte aggrega 
used in these tests contained only 0.2 ps 
insignificant 


J 


River 


cent opal, and amounts 


other possibly reactive aggregates, wou 
indicate that the alkali-aggregate reactic 
as it is generally considered, was not 
important factor. 

It is also difficult to visualize the mechai 
ics of an action which results in expansi 
due to the use of aggregate having a | 
thermal coefficient of expansion. Howeve: 
there is also the possibility that the feld 
par may contribute to the expansion in som« 
other way, due possibly to alteration, wit 


time, of its physical properties. 


responsibility. Several appendixes contain- 
ing valuable information are also included. 
The report was prepared at the request 
of the Subcommittee on Domestic Land and 
Water Transportation of the Committee or 
Interstate and Foreign Commerce, United 
States Senate, which was investigating prol 
lems relating to the transportation and con 
munications industries. Th 
before the committee in June 
1950 and is reprinted from the committee 
hearings, which appeared under the titl 
Study of Domestic Land and Water Tra 


portatio? . 


report Wa 
presented 


Highway Soil Engineering Film 


Highway Soil Engineering, a motion pic 
ture produced by the Bureau of Public 
illustrate field surveying 
sampling and laboratory testing of soils 
encountered in highway construction, is now 
available on loan to highway departments, 
The 
sound and in full 
running time of almost two 


Roads to and 


universities, and other organizations. 
16-millimeter film, with 
color, has a 
hours. The subject treatment is technical 
in nature and of interest primarily to engi- 
neers and engineering students. 

Highway Soil i 


FE nqines J der ihbes th. 
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two distinctive components of soil—granu- 


lar and silt-clay materials—and illustrates 
the methods 
sampling 
tests 
the step-by-step procedures involved. 
tests demonstrated are 


Bureau 


employed in surveying and 
field. 
are presented in sequences which show 
The 
those used by the 
many of the State 
departments, and cover the complete range 


soils in the Laboratory 


and highway 


needed to examine the properties of soils 
that are of 

The picture shows the striking contrast 
in condition maintenance 


interest to highway engineers. 


and in require- 


GOVERNMENT PRINTING OF 


ments of pavements laid on good and 0 
soils. It 


demonstration of the value of a sand sub- 


poor subgrade concludes with a 
base in preventing intrusion of subgrade 


into the overlying crushed-stone base cou 


Highway Soil Engineering may be 
rowed by any responsible organization 
out cost, except for the nominal transp« 
tion The film may be obta 
for showings by writing to the Visual | 
cation Branch, Bureau of Public R« 
Washington 25, D. C. 


charges. 
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ibject and including the more important 
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of the Bureau of Public Roads 





The following publications are sold by the Superintendent 
of Documents, Government Printing Office, Washington 25, 
D. C. Orders should be sent direct to the Superintendent of 
Documents. Prepayment is required. 


ANNUAL REPORTS 
(See also adjacent column) 
Reports of the Chief of the Bureau of Public Roads: 
1937, 10 cents. 1938, 10 cents. 1939, 10 cents. 


Work of the Public Roads Administration: 
1940, 10 cents. 1942, 10 cents. 
1941, 15 cents. 1946, 20 cents. 

1947, 20 cents. 


1948, 20 cents. 
1949, 25 cents. 


Annual Report, Bureau of Public Roads, 1950. 25 cents. 


HOUSE DOCUMENT NO. 462 
Part 1 . Nonuniformity of State Motor-Vehicle Traffic 
Laws. 15 cents. 
Skilled Investigation at the Scene of the Acci- 
dent Needed to Develop Causes. 10 cents. 
Part 3... Inadequacy of State Motor-Vehicle Accident 
teporting. 10 cents. 


Parte 2. «5 


Part 4... Official Inspection of Vehicles. 10 cents. 
Part 5... Case Histories of Fatal Highway Accidents. 


10 cents. 
Part 6... The Accident-Prone Driver. 10 cents. 


UNIFORM VEHICLE CODE 


Act I.—Uniform Motor-Vehicle Administration, Registra- 
tion, Certificate of Title, and Antitheft Act. 10 
cents. 

Act II.—Uniform Motor-Vehicle Operators’ and Chauffeurs’ 
License Act. 10 cents. 

\ct I1].—Uniform Motor-Vehicle Civil Liability Act. 10 cents. 

\ect IV.—Uniform Motor-Vehicle Safety Responsibility Act. 
10 cents. 

\ct V.—Uniform Act Regulating Traffic on Highways. 20 
cents. 

‘Model Traffic Ordinance. 15 cents. 


MISCELLANEOUS PUBLICATIONS 


bliography of Highway Planning Reports. 30 cents. 
nstruction of Private Driveways (No. 272MP). 10 cents. 
momie and Statistical Analysis of Highway Construction 
‘xpenditures. 15 cents. 
ectrical Equipment on Movable Bridges (No. 265T). 40 
‘ents. 
tual Discussion of Motortruck Operation, Regulation, and 
axation. 30 cents. 
eral Legislation and Regulations Relating to Highway Con- 
truction. 40 cents. 
ancing of Highways by Counties and Local Rural Govern- 
ents, 1931-41. 45 cents. 


Guides to Traffic Safety. 10 cents. 

Highway Accidents. 10 cents. 

Highway Bond Calculations. 10 cents. 

Highway Bridge Location (No. 1486D). 15 cents. 

Highway Capacity Manual. 65 cents. 

Highway Needs of the National Defense (House Document No. 
249). 50 cents. 

Highway Practice in the United States of America. 50 cents. 

Highway Statistics, 1945. 35 cents. 

Highway Statistics, 1946. 50 cents. 

Highway Statistics, 1947. 45 cents. 

Highway Statistics, 1948. 65 cents. 

Highway Statistics, 1949. 55 cents. 

Highway Statistics, Summary to 1945. 40 cents. 

Highways of History. 25 cents. 

Identification of Rock Types. 10 cents. 

Interregional Hipaways (House Document No. 379). 75 cents. 

Legal Aspects of Controlling Highway Access. 15 cents. 

Local Rural Road Problem. 20 cents. 

Manual on Uniform Traffic Control Devices for Streets and 
Highways. 50 cents. 

Mathematical Theory of Vibration in Suspension Bridges. 
$1.25. 

Principles of Highway Construction as Applied to Airports, 
Flight Strips, and Other Landing Areas for Aircraft. $1.75. 

Public Control of Highway Access and Roadside Development. 
ov cents. 

Public Land Acquisition for Highway Purposes. 10 cents. 

Roadside Improvement (No. 191MP). 10 cents. 

Selected Bibliography on Highway Finance. 55 cents. 

Specifications for Construction of Roads and Bridges in Na- 
tional Forests and National Parks (FP-41). $1.50. 

Taxation of Motor Vehicles in 1932. 35 cents. 

Tire Wear and Tire Failures on Various Road Surfaces. 10 
cents. 

Transition Curves for Highways. $1.25. 
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Single copies of the following publications are available to 
highway engineers and administrators for official use, and 
may be obtained by those so qualified upon request addressed 
to the Bureau of Public Roads. Thev are not sold by the 
Superintendent of Documents. 


ANNUAL REPORTS 
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Public Roads Administration Annual Reports: 
1943. 1944, 1945. 


MISCELLANEOUS PUBLICATIONS 


Bibliography on Automobile Parking in the United States. 
Bibliography on Highway Lighting. 

Bibliography on Highway Safety. 

Bibliography on Land Acquisition for Public Roads. 
Bibliography on Roadside Control. 

Express Highways in the United States: a Bibliography. 
Indexes to PUBLIC ROADS, volumes 17-19, 22, and 23. 

Road Work on Farm Outlets Needs Skill and Right Equipment. 
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